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PHOTODISSOCIATION OF CO 2 AND THE HEAT LIBERATION ASSOCIATED

WITH IT IN THE UPPER ATMOSPHERES OF MARS AND VENUS

A. V. Dembovskiy, M. N. Iskov, and 0. G. Lisin

Photodissociation of CO2 under the effect of ultraviolet

solar radiation materially affects the composition and thermal

conditions in the upper atmospheres of Mars and Venus. In

several studies it was found that the predominance of CO2 over

much of the thermosphere, when there is a high photodissociation

rate and a low rate of association of CO and 0, indicates the

important role of transport processes /1-67. However, simpli-

fications made in these studies (and especially, in the esti-

mates of the efficiency of heat liberation) , 7, 87 point to

the necessity of more exact calculations for constructing a

representative theoretical model of the thermosphere.

In this paper the photodissociation rate of CO2 in the

thermospheres of Mars and Venus is calculated with allowance

for the contributions made by different channels of dissociation

with excitation. In addition, the value of heat liberation

associated with photodissociation is calculated. Finally, the

intensity of several emissions resulting from photodissociation

with excitation is calculated.

1. Main Channels of CO2 Dissociation

By absorbing solar ultraviolet photons, CO 2 molecules

dissociate, and depending on photon energy, various electron

states of the dissociation products are excited:

C -;' cO (1)+ 0

* Numbers in the margin indicate pagination in the foreign text.
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Dissociation channels that are es'sential for the problem /5

under study and the corresponding threshold wavelengths -

(j )

max
are given in Table 1.

TABLE 1

Channel Reaction products (X
number max

max-

. CO (X'Y) + 0() 22?
2. CO(X'Z) + O CY) )67

4. CO(GF/) + 0'P) 087

5. CO(a'X) + O(P) Ioo,
6. CO(d") .+ O",) 956

7. CO(e'-) + O( 929

a. CO(e'2) + 0 ('1) coo
9. CO(e'C) + O(' ) 70

The first three "hannels correspond to the formation of CO,

molecules in the ground electronic state CCO(,.X ), and the 0

atoms are formed successively in the ground state ,O( 3 P) and

the excited states O( D) and 0( S). The energy of these meta-
-1

stable states (Einstein coefficients Ao(lD , 3p) = 0.0083 sec

Ao(lS -lD) = 1.35 sec , Ao(2S -3p) = 0.0824 sec ) can only

be de-excited:

0-O O('P,)A ) i (2)/'  1V~ #A ~ s55772) 9  (3)
o ) - 0(P) h V (A S 29722), 

(
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or else are transformed to heat due to shock de-activation: /6

0. / Or) / + E/(5)
-kin'

where M is the de-activating particle. In the thermospheres of

Mars and Venus, de-activation proceeds mainly during collisions

with CO 2molecules. The coefficients of shock de-activation

are KOID) = 2.1'10- 10 cm /sec and KO(lS) = 2.5'10 cm3/sec

/9-117.

The state of CO(a 3 ) formed in channels No. 4 and No. 5 is

also metastable, however its radiation lifetime is so short

(7p = 7.5'10 - 3 sec), so that its energy is virtually entirely

de-excited, yielding a system of Cameron bands. The energy of

the states CO(al3 + , d3 Ai e3  -) formed in channels Nos. 5-9

is de-excited during permitted transitions to the state CO(a3H).

It should be noted that beginning approximately with the

ionization threshold CO2 (X = 899 R), the numberlof possible

dissociative channels becomes considerably greater than indi-

cated in Table 1. We will see below that the contribution

made by the shortwave spectral region (X 2 1000 ) to the L:

unknown functions is small, therefore the restriction to these

channels is wholly acceptable.

2. Formulas for Calculating Photodissociation and Heat Liberation

A quantitative description of these processes can be

carried out as follows /12,13/. The total photodissociation

rate D (number of dissociation acts per cubic centimeter

per second is composed of the rates of photodissociation in

the listed channels P J) and is expressed by the formula:

3



where 9 is altitude, n is CO2 concentration, 6(j) is the disso- /7

ciation cross-section in the j-th channel, 6D is the total

dissociation cross-section, hv is the energy of absorbed photons

(erg), A (j ) is the threshold wavelength for the j-th channel,
.max

F(X, 9) is the spectral density of the solar radiation flux

(erg/cm2'sec') at altitude g associated with flux density

'at the atmospheric boundary F q() by the relation;

S, (7)

which is a consequence of the Bouguer-Lambert- eer law of

radiation absorption and the fact that n(g) is defined by the

barometric formula; here 6(X) is the total cross-section of

CO2 absorption, H is the scale of CO2 altitude, H = ROT, R
Mg

is the universal gas constant, T is temperature, M is molecular

weight of CO2, g is the acceleration due to gravity; Ch(x, 9)

is the Chapman function, that takes into account the curvature

of the atmospheric layers (when X<700 , Ch(, Z) sec );/,,

The energy of photons absorbed per cubic centimeter per

second is obviously

k( i(V,~ )a'J. (8)

Since not all the energy of the absorbed photons is transformed

into heat, to describe the rate of heat liberation QST (the

heat source in the energy balance equation), let us introduce

the spectral efeffe fitdir eacys 7of heat liberation in the j-th

channel e (X, 9), that is, the fraction of energy of the

absorbed photon transformed into heat in the channel. Thus,

QST can be expressed as:

S nTM (9)
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The integrated (with respect to spectrum) efficiency of heat

liberation in this channel is defined as

____ (10)

And the total efficiency of heat liberation at the given alti-

tude is:

Let us also introduce the dissociation rate per particle:

M (12)

and the specific rate of heat liberation (erg/g'sec)

/r J 04 67~42T (13)

where p is the density and m is the mass of the CO2 molecule.

As we will see below, the desired functions PD' qST, and E

depend on the model basically in terms of the total number of

particles along the photon path N = nHCh(x, 9), which enables

us to plot universal functions suitable for use when calculating

atmospheric models.

In order to obtain an expression for E.(X, 91 let us con-

sider that the photon energy can be transformed into heat in

two ways: first, part of the excess photon energy above the

dissociation energy and the excitation energy is converted into

kinetic energy of the particles formed and then, upon their

collision with surrounding particles, is converted into thermal

energy; secondly, the energy of the metastable excited state

can be transformed into heat upon shock de-activation /12/.
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Let us represent the contribution to E lby means of the first an
I II

and second pathways by, respectively, E. and . . Thus,

Obviously, EI can be expressed in the form /9

where ED is the energy og dissociation (ED = 5.45 ev), E. and

(J) is the threshold energy (E = E + W.) and the threshold
max j D 3
wavelength of the photon for the j-th channel, respectively;

W. is the total energy of the electronic levels of 0 and CO

excited in the j-th channel; .j() is the factor of the

reduction in the efficiency of heat liberation due to the

excitation of the vibrational-rotational states of CO upon

dissociation of CO2 (the energy of these states is practically

entirely de-excited, since the comparison of the rate of

spontaneous de-excitation of CO (X + , v' >, 0) /147 and its

rate of vibrational relaxation /15/ shows that on both Mars

and Venus the relaxation of CO can be neglected all the way

to the mesopause.

In processes of dissociation and de-activation, the species

O and C, with kinetic energy to approximately 2 ,v are formed.

Some fraction of the energy of these particles, upon collision

with CO 2 molecules, can be expended in exciting the vibrational-

rotational levels of CO2 and can be de-excited. Thus far there

are no direct experimental data on these processes ihowever,

available theoretical and experimental on the collisions of

CO 2 with other particles /16, 177 suggest that in the collisions

with 0 and CO species having the indicated initial energies, of

interest to us, not more than several percent of the initial

energy is expended in de-excitation. Therefore in the



following we will assume that all the kinetic energy of the

CO2 dissociation products is transformed into heat.

As indicated above, only de-activation of 0( D) and O( S) /10

b-GO2 molecules is substantial. Therefore in the case when

the atom O(1E) is formed in the J-th channel, the expression
II

for E. can be. written as

*f R g. ' h .. , ;. . . (17)

where AO(1D - 3p) is the Einstein coefficient; KO(lD ) is the.

coefficient of shock de-activation of 0(1D) by CO2 molecules;

0(lD) is the factor that takes into account the possibility

of the conversion of part of the excitation-level energy into

vibrational degrees of freedom of CO2 with subsequent' ,

de-excitation. But in the case of the formation in the j-th

channel of 0( S), taking into account the predominance of the

transition O( S) -) O( D), we can write an analogous expression
II.

for . .

1 g.J F 7 - -L -

. W /-~C~'---~_jJ(8______

In the general case, it must be considered ,~hatethice rgy

expended in the dissociatin oo CO2 molecules can be converted

into heat in.the association process in ternary collisions

(19)

yielding the heat liberation

f(4 E O// e(20)
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wherej the association coefficient c 10 cm6 /sec /187/,

however estimates show that for the thermospheres of Mars and

Venus QA is many orders of magnitude lower than QST and can

always be neglected.

3. Data Used in Calculations

Let us examine available data and the parameters appearing

,in -8e formulas for calculation of the desired functions.

3.1. The values of n(g) were calculated from the baro-

metric formula using the given temperature profile and density

of the fixed altitude. The temperature profile and cut-off

density according to /2 /7 (T = 3500 K, n (100 km) = 5.81011
-3

cm ) were specified for the Matiah thermosphere in the region

9 > 100 km; a temperature close to that of the models /19, 207

was selected for the lower altitudes. For the thermospheve of

Venus, the profile n(g) was calculated from the temperature

profile of the model /217 (T. = 6800 K); the cut-off density

n (130 km) = 1.4'102 cm 3).

3.2. Fluxes of solar radiation F,(X) were taken from the

data of Hinteregger /227 for A< 1300 R and from the data. of

Ackerman /237 for A > 1300 R, reduced to the orbit of the-

corresponding planet.

3.3. The cross-sections of total absorption of C002 6(X)

were taken from the data in /24, 257. The contribution of

scattering without dissociation to the total absorption of

photons is small /26-307 in the spectral region that is effec-

tively operative at the altitudes of interest to us. Therefore

it can be assumed that if the photon wavelength is higher than

the ionization threshold, 6 D(X) = 6 (A), and if less, then

6D( )== 6(X) - 6 (A), where 6u(A) is the photoionization

cross-section of C002, taken from the data in /717. At the same

time, an ~ j:jQ :menhasw sen reported by Inn /727 in which a

8



\phtdfliysis product yield of 0.5 was obtained for the 1400-1670 X
spectral region. Inn explained the reduction in the yield by /12

the reradiation of photons by nondissociating CO2 molecules.

In the calculation, we will assume a unit contribution of

dissociative products, however we will verify the effect of

the data in /327 contradicting the rest of the experiments on

our results.

3.4. Available experimental data and the Values adopted

for the relative yields of the photodissociation products

fm() = 6 )(1/6D are shown in Fig. 1. Since the measure-

ments do not cover the entire spectral region required, a

linear interpolation of the functions f.( ) was made over

several spectral intervals. Fig. 1 gives the measurement

data with solid lines and with symbols, and the interpola-

tion -- with a dashed line. Variants I and II correspond to

the two experimental groups whose data differ for 800 R < X<

<1037 = (3)
max

In the operative region of channel No. 1, 1670-2274 a,

reradiation can be the only competing process. Since it is

i nefficien , it can be assumed that fl / 1670 < X < 2274 . /

/ /sc7 1. The measurements in the 1500-1600 R range and at

the lines 1470 and 1236 /77-307 showed that dissociation

proceeds in channel No. 2 with unit efficiency. By measuring

the intensity of the green line OI( 5577 ) corresponding to
1 2

the forbidden transition 0('S - 2D), in an experiment on the

<photqlis of CO2 in the 812-1216 range, Lawrence determined

the yield of f3 of channel No. 3 /33/ with respect to the

measured cross-section of O( 1) formation to the total disso-

ciation cross-section taken according to /247. In another

experiment /347, Lawrence measured the intensity of the\ Cameron

bands excited upon dissociation in the 850-1090 R spectral /13

interval. The spectrum of this intensity, as it was found,

very closely reproduces the band structure of total absorption,

9
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Fig. 1. Spectral dependence of relative yields

chinnels (the channels are listed in Table 1).

interpolation. 0 - data-in /26/, X - dat in

I I I .
B.I Variant II

:C. (ev)_0

soFig. . Spectral dependence ofat the relative yield of the channels j s4 with excita-
tion of Cameron bands proved to be nearly a smooth function ofvarious

c. This is an indication of nels (the channels areliability of sted in Table 47).

There is soidme disparity between the symbols denote the ex-/3 and in./4
pTherefore we ientalroduce two variants ofnd the dashed listribution of fne(A)denotes

forinterpolation. - dinterval. In /26/,variant I it is assumed that n
S /27-30, corresponds to the data in - /347, A andf f

B. Variant II
C. (ev)

so that the relative yield of the channels j 4 with excita-

tion of Cameron bands proved to be nearly a smooth function of

X. This is an indication of the reliability fo th data in /347.

There is some disparity between the data in /37 and in /347.

fr the 800-1090 interval. In variant I it is assumed that
f.() corresponds to the data in /-347, and f3 = 1- f

j>4 3 j>4 J
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in the second variant, f3 is taken according to the data in /33/,

and E f..(X) = 1-f (X). It should be noted that the analysis

j 4 1
made in /337 of the long-lived state O( S) is a complicated

problem compared with /747, and the scatter of the resulting

data proves to be quite appreciable. Therefore we assume

variant I of f.(X) to be more reliable.

The contribution made by the different channels to the sum

Z f.(X) can be distinguished, based on the data in /35/, in

j )4 iJ
which the absolute excitation cross-sections of the cascade

transitions of CO (a', d, e - a3  X+) were determined.

These cross-sections were measuredwith respect to the fluo-

rescent spectrum induced in the pho'toysls3 of CO 2 at individual

lines from 764 to 923 a. The cross-sections measured at 901

and 923 are understated, because the detector of fluorescent

radiation had a limited spectral sensitivity. If we can take

into account the results of /367 (see below, subsection 3.5)

and make the appropriate correction, it turns out that at 923

the excitation cross-sections of the Asundi bands 5(a13t+- a3 l)

and the triplet system 66 (da /illegible7, a 3 ) in the sum are

equal to the total excitation cross-section of the Cameron bands /14

E4 6. measured in /~47. Thus, for variant I the contribution

of the direct dissociative excitation of the Cameron bands, that

is, channel No. 4, can be neglected: f4 (923 R) = 0. However,

for variant II,>when X = 923 R, the measured cross-sections

6 3 65, and 66 in the sum proved to be less than the total

absorption cross-section. The difference can be attributed

to channel No. 4 (channel No. 7 in this wavelength was not

recorded /357).

The cross-sections at X = 901 R for both variants of f.(X)

indicate that other channels with cascade transitions, which

were identified with channel No. 7, must also make a contribution

to the total excitation of Cameron bands, in addition to channels

No. 5 and No. 6.

11



According to /357, in the 764-835 R region, the yield of

the channels with excitation of fluorescent transitions CO (a',

a 2, e a -- X +) represents more than 85' percent with

respect to all the dissociative channels. This means that we

can neglect all the unrecorded dissociation channels, for

example, with the formation of CO (AIi), 0(3 S, 5 S), and so on.

When X< 900 R, we will assume that dissociation proceeds either

via channel No. 3 (according to the data in /337 or /3_47), or

with the formation of CO in the state e 3 - , and with formation

of 0 -- in the electronically-excited state with the highest

possible energy, that is, in channel No. 7 at X > 809 , No. 8 --

-- at 707 < X < 809 , and channel No. 9 -- at X < 707 a. The

short-wave cutoff of this spectral interval, 580 R, was

selected on the condition that the dissociative mechanism of

photoabsorption is of low probability (the yield of ionization

at 580 is in 98-100 percent).

3.5. Let us estimate the role of' vibrational excitation /15

-of CO during the photodissociation of C0 2, that is, the value

of the factor j.(k) in Eq. (15).

Direct information on the distribution of the probabilities

of excitation of the vibrational levels of CO during the

dissociation of CO 2 is available only for fluorescent channels

(j > 5) /367 and also for channels with excitation of Cameron
bands (j > 4) /347. In /36/, the measurements were conducted

at X = 901 and 923 a. It turned out that the probability of

excitation of the v'-th vibrational channel of the states CO

(a'3~+ ) and CO (d3 A ) is quite closely described by the Poisson

distribution:

S,(21)

where v' is the vibrational quantum number, and E is an

empirical parameter, equal to approximately (hv-E )/2(hy)vib

12



((hl;)vib is the energy of the vibrational quantum). For the

distribution (21), in this case the total amount of vibrational

energy of CO formed upon the dissociation of CO 2 is half the

excess energy of the photon. Therefore the factor of () for

channels j = 5 and j = 6 at X = 901 and 923 R is 1/2.

The distribution of the intensity of Cameron bands measured

in /347 can be used for estimating 4 (X) from the threshold of

channel No. 4 to the next threshold (channel No. 5) in order

to cancel out the effect of cascade transitions. At wavelength

X = 1026 R, the excess energy of the photon represents 3.3

vibrational quanta of CO (a3n), and the measured distribution

is best approximated by the Poisson curve with AE = 0.75.

Therefore, for X =,1026 R, for 4 (1026 1) = I 1 0.75/3.3 = 0.77. /16

The report /-3-7/ presents data on the rates of velocities of

CO2 photodissociation products obtained by using a time-of-

flight mass spectrometer. In the 1090-1160 spectral region,

the maximum signal was obtained from particles exhibiting a

velocity which corresponded )to the transformation in each

dissociation act of 0.5 ev into kinetic energy. Dissociation

at these wavelengths, according to /337 must occur in channel

No. 3 with an 11.6 ev threshold. If the residue of residual

photon energy is attributed to the excitation of the internal

degrees of freedom of CO, then we can get 03(1050 - 1160 a) =

= 0.55 4 0.77.

T-oa Ltudyfofoth photolysis of CO2 with a pulsed method in

the 1300-1900 R region /15, 387, CO molecules were recorded in

the vibrational-excited states v' = 1 and 2. The intensity of

the transitions in the absorption spectrum for these levels

proved to be approximately ten times less than for the level

/symbol omitted/ = 0. Since the energy of the recorded

vibrations is approximately one order of magnitude less than

the excess energy of the absorbed photons, it can be assumed

C13
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Fig. 2. Distribution of rate of photodissociation, total PD"

and photodissociation with excitation in individual channels

(P (J)) with altitude on Mars.

KEY: A. Variant I of f.( )

B. Variant II of f.(X)

C. Only for absorption in line Xa

D. PD (cm -3sec-1 )

that the value 42(X) averaged over the 1300-1500 R interval

is close to unity.

Thus, we see that the amount of information on j() is

appreciably less than, for example, on fj(X). Nonetheless,

these data indicate that the actual values of 4.j() for all

channels lies in the range 1/2 to 1. We will take as the

most probable distribution of j. the values constant for each

channel, presented in Table,2, which are based on an analysis

made of the data in /34, 36,387. We will also consider the /17

two limiting cases with Pj = 1/2 and 4' = 1 for all channels.

14



TABLE 2

Channel I-
number .. L.. . ..' .00. o.

I 0,66 0.77 3.5 0.5 0 ,5

Reference - 381 1371 (6] [ 6

3-.6. We note the following concerning the possible con-

version of some of the energy of O(1D) upon deactivation of

CO2 molecules into vibrational degrees of freedom of CO 2 (the

factor 0 (1D) in Eqs. (17) and (18)). The process of de-

activation of O( D) + CO 2 -t O( P) + CO2 occurs with a large

cross-section,(approximately coinciding with the gas-kinetic

cross-section /10/. The higher efficienby indicates the

chemical nature of the interaction, with the formation of an

intermediate complex CO* 'Processes of this type are charac-

terized by a low efficiency of the conversion of energy from

the electronic form to the vibrational /39/. (We note that

for the terrestrial thermosphere, de-activation of 0(1D) +

+ N 2 -* O( P) + N 2 occurs, is shown by quantum-mechanical

calculation, nearly without the excitation of the vibrations

N ./707.) Therefore in the calculations we will assume = 1

for both O(1D) and O(1S) (de-activation of O(1 S) in the thermo-

sphere is of low efficiency, and the exact value of the energy

transfer characteristics in this process is minor).

4. Results of Calculations and Their Discussion

Let us examine the results of calculating the rate of

photodissociation, the heat liberation associated with it, and

several emissions arising due to dissociation.

The calculations were made on a computer for Mars in the /18

altitude range 70-300 km and for Venus in the altitude range

100-300 km for several zenithal angles of the Sun: x = /Value

not given7, 50, and 750

15



The spectral range 580-2274 was involved. Owing to the

complex functions 6(X), to approximate it 230 intervals were

taken, whose width varied from approximately 1 to 10 a. Within

the limits of each interval, the function 6(A) is noted to be

linear. To find the effect of the structure of cross-sections

on the results of calculations, a trial smoothing of 6(x) was

carried out, that is, averaging over an interval of several

angstroms about each point of X. The changes in the results

given below do not exceed several percent for all the altitudes.

This appears to be a consequence of the fact that we are dealing

with characteristics that are integrated over the spectrum.

4.1. The altitude profiles of the photodissociation rate

in the thermosphere of Mars in each channel P( ()) and the

total rate of dissociation ED(B) for the zenithal angles X = 0

and 750 are presented in Fig. 2. The profiles are indicated

for the first variant of the distribution of f.(A) (more

reliable) and for the second variant. Clearly, throughout

the range of altitudes considered PD (9) increases with decrease

in altitude (from the calculations given in /717 it follows that

this trend of PD(9) continues down to the surface of Mars).3D
The contribution made by channel No. 1 to the total dissociation

is predominant at altitudes less than approximately 75-80 km;

from these altitudes to the altitudes of 135-155 km (depending

on the x, the larger altitudes correspond to larger x), the

contribution made by channel No. 2 predominates, and at greater

altitudes -- the contribution made by channel No. 3. The maxi-

mum dissociation in channel No. 2 lies at the altitude of /19

80-90 km. The dissociation profile in channel No. 3 has two

maxima, where the upper maximum, at 120-140 km, arises due to

absorption of photons with X 1150 R, where the CO 2 dissociation

cross-sections are very large (up to 6D 1-16 cm2), and the

second maximum, approximately at 80 km, arises mainly due to

absorption of the intensd Lyman-alpha solar line of hydrogen

16



-20 2
(1216 2), for which = 8"10 2o cm (the crosses denote

3D (9) only due to Lyman-alpha).

The indeterminacy with respect to PD3) due to the dif-

ference between the variants I and II of the distribution of

f3 () becomes marked only above 110 km and is not more than 15

percedt. The difference between variants I and II is much

greater for the dissociation rate in channels j > 4: the

total rate P) for variant I is one and a half times less

than for variant II. The absolute value of the rate I PDC
j 4D

has a maximum at the altitude 130-150 km; at this altitude

their contribution to the total dissociation rate for the

first variant f.(X) is 25 percent.

The photodissociation rates in different channels in the

thermosphere of Venus have approximately the same altitude

profiles.

4.2. Fig. 3 gives the values of c(N) for different zenithal

angles also for both planets::Mars and Venus. The calculations

were made for the variant I of f.j() and for 0. based on Table

2. The scale of N is given at the right; also presented are

the altitude scales for the adopted models of the Martian and

Ve rsiila'thermospheres for X= 00. We see that the calculated.

points E(N) for the different models lie in the same universal

curve over practically the entire thermosphere, with the

exception of the region near the exobase. In this region de- /20

activation of O( D) owing to the low atmospheric density is

replaced by de-excitation, therefore the spectral efficiency

E depends not only on the number of particles in the column

N, but also on the local concentration n(g).

The maximum of E ~ 0.35 lies in the lower thermosphere for

N - 10 1019 cm 2 . The decrease in 6 for larger N is

associated with the fact that at the lower altitudes photons

17



with low excess energy occur.,(and in this region photoabsorption

takes place due to the long-wave spectral region where the cross-

section of CO2 decreases monotonely with wavelength). In the

middle and upper thermosphere, e decreases and becomes approxi-

mately constant ( - 0.23) at N = 1015 cm- , which corresponds

to an altitude of approximately 200 km for all models. At this

level there is an inflection in the profile E(N) associated

with the contribution made by de-excitation of O( D).

The function E(N) is accounted for by the redistribution

over altitude of the contribution made by different channels

to heat liberation. This can be seen from the altitude profiles

of 6j(N) shown in Fig. 3 for the Martian model when e= 00.

The mean role in the thermosphere is played by channels No. 2

and No. 3. Channel No. 1 becomes appreciable only near the

mesopause. The total contribution of channels with j 4 to

((N) is less than 2 percent in the maximum, which greatly

reduces the effect of the indeterminacy in f.( ) for the short-

wave range on the value of E. The altitude profiles E.(N) for

the other zenithal angles and for the Venusian thermosphere

differ from those presented, as follows from the profile of

E(N) only in the region above /Tllegible7 km.

4.3. Altitude profiles of the rate of energy absorption /21

during photodissociation QS(.) for X = 00 and the rate of heat

liberation QST () for x = 0.50 and 750 are shown in Fig. 4 for

the thermosphere of Mars (variant I of f.(X), j. based on

Table 2). Here also is presented, for comparison, the profile

of the rate of energy absorption during photo-ionization QSU
for x = 00 (calculated analogously to QS, but with a smaller

energy resolution: in the 30-902 R range, F (X), 6(X), and

the ionization cross-sections 6 (X) were averaged over ten

spectral intiervals). A comparison of QS and QS shows that in

the upper thermosphere, beginning with the altitude of 130 km

18



Q exceeded QS by 2-2.5 times; at the altitude of 115 km, theiru
values are comparable: at lower altitudes Q very rapidly drops

off, while QS continues to risel

QST reaches a maximum at 70-80 km, where here for X = 00
6 3 o-7 2.

QST = 10 erg/cm 3sec, and for x = 750 QST = 210 erg/cm 2sec.

The altitude profiles of energy absorption qS(9) and heat

liberation per unit mass qST () in the thermosphere of Mars

for ,X = 00 are shown in Fig. 5. The heavy line denotes the

most probable profile of qST () (variant I of f (), and j
ST j

according to Table ). Clearly, while qS at the altitudes of

200 km and higher remains constant (- 105 erg/g'sec), the value

of qST reaches a maximum at 170-200 km (2"104 erg/g'sec) and

then begins to decrease with increase in altitude owing to the

de-excitation of 0(1D).

In the same figure it can be seen the indeterminacies that

are caused by the various assumptions. For variant I of f.(A)

and the limiting values of the factor of 4j = 1/2 and j = 1i,
b

the profiles of q ST() differ from qsT () in the upper thermo- /22

sphere (up to 200 km) by not more than + 13 percent. In the

lower thermosphere, the profile of qS (9) coincides with the

profile for 1. = 1 and differ from the profile for k. = 1/2

by + 20 percent.

The indeterminacy due to fj(A) is less than due to j.

It is absent at the\ lower altitudes, while it does not exceed

10 percent at the higher altitudes.

In Fig. 5,'icircles denote the values of qST(9) calculated

by using the data in /26/ on the decrease in the quantum yield

of the photodissociation products of CO2 in the spectral region

of channel No. 2. In the remaining region of thespectrum, the

variant I of f (X) was adopted, and qj was taken according to

Table 2. The value of qST(9) at the altitude of 100 km proved
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to be less than qST, by 25 percent. The difference is appreciable,

but still before confirmation of the results of the experiment

in /267, the difference must be approached cautiously.

We note that all these indeterminacies must lead to the

same errors also in the calculation of QST and E. Therefore

the analysis made, as well as the small contribution to heat

liberation of shortwave channels,suggest the conclusion that

the assumptions that we made in constructing the most probable

distribution of f.(A) and k. (linear approximation of fj.( i

constancy of . for each channel, restriction of the number of

channels, and cutoff on the short-wavelength side) are

admissible. If we cancel out the errors associated with the

modelby converting to the universal dependences on N, then

only the errors associated with the indeterminacies in the

cross-sections of 6(X) and in the flux F (X) remain the most

substantial for the calculation of the desired quantities. /23

Here, it should be noted that the most exact of all the func-

tions obtained is e(N), since the arbitrary cofactor in front

of F (X) does not change the value of E(N). For this reason,

E(N) depends weakly on solar activity.

4.4. The universal functions qST(N), PD(N), and QST(N/PD(N))

are shown in Fig. 6. The scales of the values of P and QST

for Mars are shifted to the right relative to the scales for

Venus, by the dilution factor (Rj/Rp)2 = 4.45. The calculation

was based on variant I of f.(A) and '$. taken according to Table
J J

2, the model used was that of the Martian thermosphere, and

X = 00 (the other models yield differing values only when

- > 200 km).

The presence of two ranges is a common feature of the

functions PD(N) and QST(N) shown in the figure: the upper
17 -2limit, when N ,10 1cm (that is, ~- 115 km on Mars and

Z ; 140 km on Venus), and the other, the lower limit, when
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Fig. 3. Dependence of effectiveness of heat
liberation E and efficiencies of heat liber-
ation in individual channels e. on the num-

on the altitude on Mars and on Venus.
KEY: A. Legend 2

B. N (molecule/cm2 )
C. Z (km) x = 00 for d
D. Z (km)jx = 00 for 9

N l1017 cm 2 , in each of which the slow change of these func-

tions of N in the upper part of the range characteristic of an

optically thin layer is replaced by the rapid change in the

lower part of the range. This is associated with the absorp-

tion of various spectral intervals at different altitudes as

a function of 6W(X). This characteristic is suitable for

approximation of these functions.
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Fig. 4. Dependence of bulk absorption of
energy QS dueto photodissociation, Qu due

to photo-ionization, and rate of heat
liberation QST on altitude for Mars.

KEY: A. 2 (km) 3
B. Q (erg/cm *sec)

A comparison of our values P(J) with the data in /1 / shows
D

that the rate of photodissociation in several channels, according

to our calculations, is approximately twice ad high as according

to /1-7. Obviously, this is accounted for by the reduction,

by twofold, in /1T_ of the flux F (X).

The quantity QsT/PD shown in Fig. 6 characterizes the /24

amount of energy which on the average is given off as heat as

the result of a single actc7 of dissociation. It is found that

in most of the thermosphere, with the exception of 9 : 200 km,

each photodissociation act leads to the release of about 3 ev

of heat.
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qST 
F p.; ce

Fig. 5. Dependence of specific absorption
of energy QS and rate of heat liberation

QST on altitude for Mars at the zenithal

angle X = 00.
KEY: A. 9 (km)

B. Variant I of f.(X), 6. based on
Table 2.

C. Variant I of f.(X), 6. = 1/2 or 1
J J

D. Variant II of f.(X), 6 = 1/2
or 1

E. /267, Variant I of f.(X), 6".

based on Table 2
F. QST (erg/g*sec)

4.5. The calculation made of the photodissociation rate

makes it possible to obtain the intensity of the emissions

induced thereby. The following emissions were calculated:

O(s 1 D), X = 5577 R; 0( S - 3 p), X = 2972 R; and 0( 1 D - 3 p),
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B C

01 P 9.1F. r /0"-r---- . ... . = 6300 2. The formulas

S Dfor calculating the bulk

\ \ radiance (in units of

\ photon/cm 2 *sec) are of

SI 1 o6300

(22

excited O in channels No. 8

S------- 
__

land No. 9, which cannot

lead to an appreciableH,, error. Since in takhe

I upper atmosphere dei,(f- 'cex )G '040 go activation of CO (aton o)

excited 0 in channels No. 8

and No. 9, which cannot

Sbulk ead to ance appreiablession

I0 9 17fl is not efficient, the

Fig. 6. Dependence of rate of photo-
dissociation per particle PD' specific in the Cameron bands J
rate of heat liberation QST' and mean obviously is equal to the

energy per active photodissociation sum L PD) of the
Q /PD on number of molecules in photon j : 4

STphotodissociation rate
path N and on the altitude on Mars and
Venus over all channels, leading
KEY: A. ig N (cm- )

B. P (sec-1) . -1. -1
D - G. Q ST(erg g sec )

C. For CTS
D. For 9 H. QST/PD (ev)

E. 9 (km), x = 00 for C0 I. For V
F. Z (km), X = 00 for 9 J. For O

24



to d to t

wl fo the emissions 0I (2972 2) nd OI

(5577 ) calculated for the Martian thermo-sphere (variant I of f(), X = 0). The

solid lines denote R, the dashed lines
denotes 4l, + denotes the experimental data

of measurements of 4wl for OI (29,72 a) 37.KEY: A. R (cm-3*sec- 1)

by direct or cascade transitions to the formation of CO (a3 H).
This value is shown in Fig. 7. Bulk2. Fig. 7 gives R (577) and

R (2972)calculated for the Martian thermosphere, -= 00 , variant I

of fj(). Since the de-activation of 0( ) is noticeable

only near the mesopause, in most of tdasheere R (5577 )n

to a precision of the constant factor 0.94 coincides with P3)

the mission measurem (2972 ) is 16.4 times weaker //27. As noted

be very small, increasing slowly from tenths of a photon/cm3dsec

at low altitudes to several units -- at higher altitude.
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Let us compare our calculated data for emissions with the

experimental measurements of the UV-glow of the upper Mahtian

atmosphere made on the Mariner 6 and 7 spacecraft /J37. Among

the measured emissions, OI 92972 R) was recorded. For compari-

son with the experiment, we must convert from the bulk radiance

R to the limbic intensity of emission, which is directly

measured by

4aSTIRfk4). (23)

Integration here is carried out along the line of sight.

Fig. 7 gives R and 4 I for OI (2972 R) and OI (5577 R) calcu-

lated for the Martian thermosphere, for x= 00. Here also are

presented the experimentally measured limbic intensities 01

(2972 R) (conditions of measurements corresponding to the

zenithal angles from 0 to 440). We see that the profiles of

OI 92972 R) in the thermosphere have a characteristic knee

associated with the upper maximum of the rate of formation of

O(S) (see curve P (3)() in Fig. 2. The lower maximum must

ledd to a knee in the profile now in the region of the meso-

sphere (possibly owing to greater density it will be masked

by Rayleigh scattering). The intensity of the altitudes

100-120 km proved to be 10 kR. Since the intensity at the

altitude 120 km measured on Mariner 6 and 7 was 21 kR, there

must be an additional emission source. This cannot be photo-

electronic excitation, since according to /T47, photoelectrons /26

make a contribution to the emission OI (2972 R) that is one

order smaller than photodissociation. The dissociative recom-

bination of the ions CO2 or 02 with excitation of 0(1S) can

be this source.

5. Summary

Photodissociation in the thermospheres of Mars and Venus

occurs in several channels of didsociation with excitation, whose

relative role varies with change in altitude.
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The total photodissociation rate PD and the associated heat

liberation QST' with decrease in altitude, increases all the

way to the mesosphere. In the lower part of the thermosphere

heat liberation due to photodissociation is greater than due

to photo-ionization, and less -- in the upper thermosphere.

The efficiency of heat liberation E(9) varies from a

maximum of 0.35 in the lower thermosphere to 0.23 in the upper

thermosphere (approximately at 200 km), and even less, near the

exobase.

The universal characteristics PD(N), qST(N), and E(N)

obtained do not depend on the adopted model and the zenithal

angle of the Sun throughout the entire thermosphere, with the

exception of the region around the exobase.

Addendum: It is experimentally shown in /757 that in the de-

activation of the level O( D) by CO and N2 molecules, 30-40

percent of the energy is converted into vibrational degrees of

freedom. Possibly, the same also occurs in C0 2 , after which

this fraction of the energy is de-excited. To take into account

this indeterminacy, in addition to calculations with o(1 D) = 1,

calculations were conducted with ( D) = 0.6. As a result of

these calculations, E and qST were reduced by approximately

20 percent. The results for c are shown in Fig. 3 by crosses

and in Fig. 6 -- by a dashed line for qST, and by a dash-dot

line for QST/PD'
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